Abstract: This paper shows that one of soft actuators, Ionic Polymer-Metal Composite (IPMC) can be modeled in terms of distributed port-Hamiltonian systems with multi-scale. The physical structure of IPMC consists of three parts. The first part is an electric double layer at the interface between the polymer and the metal electrodes. The frequency response of the polymer-metal interface shows a fractal degree of gain slope. Then we adopt a black-box circuit model to this part and give considerations for distributed impedance parameters. The second part is an electrostress diffusion coupling model with bending and relaxation dynamics. This part is represented by an electro-osmosis, which is a water transport by an electric field, and a streaming potential, which is an electric field created by a water transport. We discuss the relationship of stress and bending moment induced by swelling. The third part is a mechanical system modeled as a flexible beam with large deformations. The representation has the capability extracting the control structure based on passivity from distributed parameter systems possessing a complex behavior.
INTRODUCTION
Polyelectrolyte gels that deform under electric field has been expected as soft actuators and sensors (Osada [2004] ). A new type gel, called an ionic polymer metal composite (IPMC) (Shahinpoor and Jim [2001] , Asaka et al. [2004] ), is a swollen polyelectrolyte gel of certain fluorocarbon networks that is plated with metal electrodes and includes a counterion such as Na + . The IPMC demonstrates the quick response to small electric fields and the robustness for a large number of bending cycles. The characteristic of the deformation strongly depends on the kind of counterions in the gel. Various modeling methods of IPMC have been proposed in the viewpoint of both a Generally, soft materials such as IPMC are modeled by partial differential equations as a distributed parameter system. The most general way of introducing a system model for the control of the distributed system is the method of adopting classical types of partial differential equations classified by the existence of analytical solutions (Sobolev [1964] ). In this method, some approximations, that is linearization, discretization, and finite dimensional reduction are considered. These are used in the field of numerical simulation mainly.
On the other hand, a new modeling method for distributed systems, called a distributed port-Hamiltonian systems has been presented ( Van der Schaft and Maschke [2002] ), which is a geometric system representation based on pas-sivity ( Van der Schaft [2000] ). The port-Hamiltonian representation is based on pairs of power variables, called a port, and the product of the pair is equal to its power. The system is connected to each subsystem through the port with preserving the total energy of connected systems, and then the connected system can be written as a portHamiltonian system. Two control strategies for such a system there exists (Van der Schaft [2000] , Stramigioli [2001] , Ortega et at. [1999] ). One of them is stabilization by a damping injection on the port. The other is an energy shaping, which means the arrangement of the global minimum point of energy functions, by connecting another port-Hamiltonian system as a dynamical compensator to ports of plants. Additionally, the distributed portrepresentation has the capability dealing with a boundary observation of an internal energy change by using the boundary port. The applications of the distributed portHamiltonian system have been studied in the viewpoint of multi-scale (Couenne et at. [2005] , Eberard et at. [2005] ).
In this paper, we extend the electrostress diffusion coupling model for polyelectrolyte gels expressing the relaxation phenomenon of IPMC (Yamaue et at. [2005] ) to a distributed parameter multi-physics system in terms of the distributed port-Hamiltonian systems with multi-scale as a control system.
MODELING
In this section, we assume that a distributed parameter model for IPMC lies on 3-dimensional space. Let the xaxis be the longitudinal direction of the film, the y-axis be the width of the film, and the z-axis be along the cross section of the film.
Equivalent model of electric double layer
The electrical impedance of IPMC is capacitive, because there exists electric double layer at the interface between the polymer and the metal electrodes (Osada [2004] ). The polymer-metal interface has a complex structure and its frequency response shows a fractal degree of gain slope (Takagi et al. [2005] ). Then, a black-box circuit modeling of the electrical system of IPMC has been discussed ( Fig.1 , Takagi et al. [2007] ).
Consider a virtual coordinate ξ ∈ [0, L] for the blackbox model of distributed systems. Let v(ξ, t), i(ξ, t) be an electrical potential and a current, respectively. Now, we assume that the series impedance is R 1 (ξ) as an electrode resistance and the parallel impedance is R 2 (ξ)+1/(sC 2 (ξ)) with the polymer resistance R 2 (ξ) and the electric double layer capacitance C 2 (ξ). Then, we have
where
, and i(L, t) = 0.
A) The case of constant coefficients R 1 , R 2 , C 2 : Assuming R 1 , R 2 , C 2 are constant, the system (1) can be transformed into In the port-Hamiltonian setting, one introduces as state variable, a conserved quantity. In the model of the double layer of equation (2), this is the distributed charge Q(ξ, t) which is related to the voltage by:
C2 dξ is the electrical energy of the model and δ is a variational derivative.
The evolution equation is actually a conservation law:
where f 2 is the flux variable (current). In turn, we define the right-hand side of (3) as −f 1 . Then, f 2 is generated by the phenomenological law:
where e 2 is a "generalized thermodynamic force" (here a voltage density) which is constituted by two parts through e 1 :
consisting in a reversible voltage due to the charge and a voltage due to dissipation. Then, we obtain
One recovers the relations in the domain:
and if we complete with the port boundary variables:
then we have the distributed port-Hamiltonian system (Van der Schaft and Maschke [2002] ). The bond-graph representation of this system is as follows:
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connecting to an electro-mechanical system in the following. The another boundary is terminated by the condition:
The system (1) can be transformed into
Introducing the new state variable:
where we defined the following power variables:
This system can be illustrated as follows:
Remark 1. The structure of the system corresponds with the conservation law
coupled to the closure equation:
If R 2 = 0, the state X changes to Q and the system is reduced to an ordinary diffusion equation. Then, the system can be considered as a "diffusion-like equation" with the modulated conserved quantity X. Generally speaking, it is difficult to construct control systems for such an equation in terms of analytical methods. However, the port-representation provides us an intuitive synthesis framework without theoretical difficulties.
Electrostress diffusion coupling model with bending and relaxation dynamics
The electric current density j e and the water flux density j s in the polyelectrolyte gels are expressed by the coupling the gradient of pressure p and the electric field ψ as follows { j e = −σ e ∇ψ − λ∇p ,
where σ e is the conductance, κ is the Darcy's permeability and λ is the Onsager's coupling constant (De Gennes et at.
[2000]). The first equation of (17) expresses an electroosmosis, which is a water transport by an electric field. The second equation of (17) is a streaming potential, which is an electric field created by a water transport.
Next, we introduce the model expressing relaxation phenomenon of IPMC (Yamaue et at. [2005] ). Now, we assume that there is no electro chemical reaction in the electrode of IPMC. The film is considered as a strip with thickness h. Let R(t) be a radius of a curvature of the film at the time t. When the film bends with curvature 1/R(t), the displacement u(x, y, z, t) of the film is given by
Thus, the swelling ratio f s (z, t) = ∇u is given by
Consider the linearized stress tensor:
where i, j, k = {x, y, z}, K is the bulk modules and G is the shear modulus of gels. Then, we have
From the force balance equation ∂(σ zz −p)/∂z = 0 and the boundary condition σ zz − p = 0 at z = ±h/2, the pressure p(z, t) is calculated by
From (17), it follows that
(t) .
(25) Substituting (24) into the continuity equation
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where we used the charge conservation law ∂j e /∂z = 0. If we assume that the electrode is impermeable j s | ±h/2 = 0, then we obtain the boundary condition
Writing the conservation law for the swelling ratio f s (z, t) directly as a "diffusion equation":
As in the preceding section, this makes appear a Dirac structure which may be represented by a DT F -element. Then the boundary port variables are:
• the swelling ratio at the boundary: f s | ∂ • the flux variable at the boundary:
∂z f s which defines a dissipative port-Hamiltonian system (Maschke and Van der Schaft [2005] ). Writing a model under the assumption of "charge conservation", the boundary conditions are:
The following is the bond graph of the above system: ) (
where f s | ∂ are connected to the following mechanical part through (36). Remark 2. In bond graph terms, the boundary port is connected to a source element. Writing the boundary condition in terms of the port variable, here the flux variable has the advantage to avoid to parameterize the relation by an "internal" parameter D ′ . However this writing has the disadvantage to be not flexible to changes in the modeling assumptions. To be more general the coupling with the flux of charges has to be written in the domain according to the equation (24).
Modulated coupling on stress and bending moment induced by swelling
We assume that the stress (22) on the edge of x axis can be decompose into an active part σ a generated by electrical fields and a passive part σ p caused by the restoring force of the curvature 1/R(t). Then, we have
First, a passive bending moment M p is calculated by
where Y is Young's modulus such that G = Y /2(1 + ν), I = bh 3 /12 is a moment of inertia of area, and ν is Poisson's ratio. Let w(x, t) be a shearing position. Now, we assume the curvature 1/R(t) to be a strain ∂θ(x, t)/∂x. Then, we obtain
Let us consider an active bending moment M a induced from σ a as follows:
where b is a coefficient of moment of inertia of cross section. Remark 3. Note that the boundary ports j x | ∂ are terminated by the impermeable condition j x | ∂ = 0 of electrode in the coupling between the electro-mechanical part and the mechanical part. Then, this port connection has no reaction from the mechanical part, which this means that efforts j x | ∂ are fixed to zero. The effect of the flows f s | ∂ in the mechanical part is expressed as a modulated source, which is an element of bound-graph. Thus, the input to the mechanical part should be calculated by (36).
Mechanical part with large deformations
First, we introduce the equation of flexible beams under large overall motions on the plane presented (Simo and VuQuoc [1986] ). This model carries the advantage that drastic simplification of the inertia temporal part is obtained by the linear uncoupled inertia operator. After that, we show two reduced model of the flexible beams with large deformations.
A) The case of large deformations: Let A ρ be a mass per unit length and let I ρ be a mass moment of inertia of a cross section. Let EA, GA and EI be an axial, a shear and a flexural stiffness of beams, respectively. Let us consider the equations of motion
where ∂ x M is the input from the electro-mechanical system, x ∈ [0, M ] is the spatial coordinate along the equilibrium position, (x+y) is the axial position, w is the shearing position, θ is the rotation of the cross section along the unchangeable length of the beam and the matrices: Λ, C, Γ 1 , Γ 2 and Ξ, are given by 17th IFAC World Congress (IFAC'08) Seoul, Korea, July 6-11, 2008 Λ :=
(38) The kinetic energy T and the potential energy U are expressed as
Next, the variational differential of the Hamiltonian density H = T + U is obtained as the functional 1-form:
From (41) the energy variables p, ϵ and the co-energy variables ν, σ are defined by the following.
where ( · ) i means an extracted i-th element. Setting
the energy variables (42) can be connected to the StokesDirac structure and defines a field port-Lagrangian systems (Nishida and Yamakita [2005] ), which is a kind of dual representation of the distributed port-Hamiltonian system. The above system can be modeled as a bond graph.
where e 0 := EIθ x + M a .
B) The case of small strains:
First, introducing the following infinitesimal strain assumption in (37)
we obtain a Timoshenko beam model.
Thus, we define the energy variables:
which defines a port-representation also (Golo et at. [2002] ). The reduced system can be illustrated as follows: 
DISCUSSION
In the viewpoint of multi-scale distributed port-Hamiltonian systems (Eberard et at. [2005] ), this system has three levels regarding physical scale. That is, the electrical part (1), the electro-mechanical part (17) and the mechanical part (37), and then state variables for each level can be defined by {x (t), z(x, t), ξ(z, x, t) } ∈ X el , {x(t), z(x, t)} ∈ X em , and x(t) ∈ X me , respectively. The essential concept of the multi-scale port-representation is that we consider the relation X el ≪ X em ≪ X me as a fiber bundle structure with fiber coordinates z, ξ and a base coordinate x, where ≪ means that there exists a large enough difference between two scales. Actually, we assumed ∂j e /∂z = 0 in the contact of two lower levels, then this means the situation that same fibers regarding ξ-axis are defined on each point of the domain of z uniformly.
The multi-scale factors of IPMC can be classified as follows:
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